INTRODUCTION
Polyethylene (PE), polypropylene (PP) and other polyolefins have wide-ranging applications in fields ranging from food packaging and beverage/toiletry/medicine containers to automotive parts, telecoms/electrical machine parts, civil engineering/building materials, agricultural supplies and medical equipment. They account for around 40% of plastics production in Japan. Apart from the safety and stability of the resins, the reason for using polyolefins so widely in so many different fields is their low density and cost, combined with outstanding properties and processability.
The polyolefin industry began with the commercial production of high-pressure low density polyethylene (LDPE) by ICI in Britain, and as a result of constant process innovation and product innovation, has since brought many other products into being. Product innovation in the polyolefin industry depends largely on the development of polymerisation catalysts and this article traces the course of polyolefin materials development from the perspective of catalyst development.
DISCOVERY OF ZIEGLER-NATTA CATALYSTS (Z-N CATALYSTS)
Working at Germany's Max Plank Coal Research Institute in 1953, Ziegler discovered that a combination of triethylaluminium (Et 3 Al) and the organometallic complex of zirconium with acetylacetone catalysed the formation of high molecular weight PE [1] . Subsequent investigations showed that many group IV, V and VI transition metal compounds also formed PE, and the combination titanium tetrachloride (TiCl 4 ) and Et 3 Al in particular was found to have the highest activity. The PE obtained was linear high density PE (HDPE), different in structure from the highly branched LDPE afforded by high pressure polymerisation. Five months after Ziegler's discovery, Natta at the Milan Institute of Technology successfully polymerised propylene in stereospecific mode by replacing the liquid TiCl 4 used in Ziegler's catalyst system with crystalline titanium trichloride (TiCl 3 ), and showed that the solid PP obtained contained both the stereoregular polymer isotactic PP (iPP) and the non-stereoregular polymer atactic PP (aPP) [2] . At the same time, Natta and co-workers discovered vanadium-based catalysts soluble in polymerisation solvents in which organoaluminium compounds were paired with vanadium tetrachloride (VCl 4 ) or vanadyl trichloride (VOCl 3 ) [3] . The new catalysts were given the generic name Z-N catalysts after their discoverers, and catalyst-based polyolefin production technology thus went forward to industrial application using inorganic transition metal compounds.
The titanium-based Z-N catalysts of the group were "heterogeneous" solid catalysts while the vanadiumbased Z-N catalysts were "homogeneous" soluble catalysts. The titanium-based catalysts were used in PE and PP production to exploit their high activity, while the vanadium-based catalysts were used in the elastomer field where their copolymerisation activity was exploited for production of ethylene-propylene copolymer (EPR) and ethylene-propylene-diene tercopolymer (EPDM). Since the main components of the Z-N catalysts were inorganic compounds, their development involved a strong element of know-how, making the field a difficult one for the general organic chemist or organometallic chemist.
Research was accordingly restricted to workers in certain fields. In the meantime, investigations from the homogeneous system perspective were carried out on the organometallic complexes originally discovered by Ziegler. However, because of low activity compared with heterogeneous catalysts, these had the drawback that high molecular weight polymers were difficult to obtain. This hampered development as polymerisation catalysts and the investigations focussed mainly on oligomer production.
DEVELOPMENT OF HETEROGENEOUS CATALYSTS IN RELATION TO PRODUCT INNOVATION
3.1 Establishment of HDPE and PP production technology with Z-N catalysts
The technology for polyolefin production with Z-N catalysts was first developed industrially using titanium-based Z-N catalysts, i.e. heterogeneous catalysts comprising inorganic metal compounds. At the time, heterogeneous catalysts had greater activity than homogeneous catalysts and were easier to handle in relation to production because of their thermal stability and durability.
Commercial exploitation was rapid: HDPE production was begun by Hoechst AG in 1955 while PP production by Montecatini in Italy commenced in 1957. Since the early Z-N catalysts had low polymerisation activity, a deashing step using alcohol, etc, was essential to remove catalyst residue from the polymer. This greatly complicated production, requiring bulky equipment and far more energy than was required for polymerisation. Moreover, the production of PP required a step for removal of aPP (de-atactication) since the raw polymer contained a large quantity of unwanted aPP. Hence, the most important tasks at the time were to increase catalyst activity and obtain higher stereospecificity.
3.2 Birth of MgCl 2 supported TiCl 4 catalyst (Mg/Ti catalyst)
The low activity of Z-N catalysts was put down mainly to a low concentration of active centres, i.e. the fraction of the catalyst contributing to polymerisation was no more than about 0.1% of the whole of the titanium species in the catalyst. Investigations seeking to raise the concentration of active centres by supporting the titanium compound on a suitable carrier were therefore keenly pursued, and in 1968 Kashiwa and co-workers at Mitsui Petrochemical succeeded in developing a Mg/Ti catalyst that was at least 100 times more active than the earliest Z-N catalysts by using magnesium chloride (MgCl 2 ) as support [4] , paving the way to a de-ashing free process. Shortly after, a similar Mg/Ti catalyst was discovered by Montecatini [5] .
The Mg/Ti catalysts had remarkably high activity in the polymerisation of ethylene but were less effective in the polymerisation of propylene where, despite high activity, stereospecificity was very low compared with existing TiCl 3 catalyst. However, it was shown that the PP formed contained a component of similar high stereoregularity to the PP obtained with TiCl 3 catalyst, and the activity for formation of highly stereoregular PP was as much as 20 times that of TiCl 3 catalyst on a Ti active species basis [6] . Aware of the great potential of such Mg/Ti catalysts, Mitsui Petrochemical embarked on a joint research programme with the Italian firm Montedison and in 1975 the companies successfully developed a Mg/Ti catalyst of high activity and stereospecificity [7] . The breakthrough lay in using an "electron donor", typified by ethyl benzoate. Reaction of the electron donor with TiCl 4 was successful in creating active centres of high stereospecificity. The finding that an organic electron donor was deeply involved at the active centres, impacting heavily on catalyst polymerisation activity and stereospecificity, was of revolutionary significance since it broadened polymerisation catalyst research, until then chiefly confined to inorganic chemistry, back into the organic and organometallic fields. It was also of profound impact when we consider the thriving current interest in metallocene and other organometallic complex catalysts. With added stimulus from these new fields, Mg/Ti catalysts for iPP polymerisation were keenly investigated around the identification and modification of electron donors, and we now know that the most effective approach is to combine an "internal donor", typified by the phthalic acid diesters added in catalyst synthesis, with an "external donor", typified by the alkoxysilanes directly added to the polymerisation system [8] . Mg/Ti catalysts thus represented a dramatic advance and despite the development of highly active homogeneous catalysts such the metallocenes described below, they still maintain an enviable position in the industry as truly unique PP polymerisation catalysts of high activity and stereospecificity.
Advances due to Mg/Ti catalysts
The Mg/Ti catalysts exhibited more than 100 times the activity of existing Z-N catalysts and allowed simplification of the polymer production process. Moreover, the use of MgCl 2 as a support made it possible to control the shape of the catalyst and the morphology of the polymer itself therefore became controllable. Olefin polymerisation processes divide broadly into three kinds: solution, slurry and gas phase processes, and improvements in the particulate properties of the polymer allowed long term stable operation of the more cost-effective slurry and gas phase processes, contributing greatly to improvement in T/3 production process technology. There were also benefits in regard to polymer quality: Mg/Ti catalysts appear to comprise more uniform active species than Z-N catalysts, allowing the formation of a polymer of narrow molecular weight distribution and uniform composition, with the result that most polymers produced with Z-N catalysts were greatly improved in quality.
(1) Higher quality HDPE and LLDPE Mg/Ti catalysts were developed in HDPE process innovation to meet the need for a completely deashing free process with a Z-N catalyst of high activity, but they also proved effective in raising the polymer quality. The molecular weight distribution of the HDPE obtained was far narrower than for existing Z-N catalysts, and there were fewer of the low molecular weight components that adversely affect HDPE quality. In addition, a product close to the target polymer design quality could be obtained when HDPE of broad molecular weight distribution was produced by concatenating a number of polymerisers.
The narrowing of molecular weight distribution derives from the greater uniformity of active species in the catalyst and is reflected also in a narrower constitutional distribution (the distribution of comonomer content in the copolymer). At the time Mg/Ti catalysts were developed, linear low density polyethylene (LLDPE) with a density of the same order as LDPE was already being produced industrially by the copolymerisation of ethylene with α-olefins using Z-N catalysts. However, the product lacked uniformity in constitutional distribution and was inferior in quality to existing LDPE [9] . In contrast, LLDPE produced with Mg/Ti catalyst was of more uniform composition and superior in quality to LDPE produced with previous catalysts. This focussed interest on LLDPE as a "third polyethylene" and production of the polymer grew rapidly as it displaced LDPE. Furthermore, the new catalyst made it possible to raise the comonomer content in LLDPE and industrial processes for polyethylene of lower density (VLDPE, ULDPE) were developed.
(2) High quality iPP Meanwhile, Mg/Ti catalysts also proved to be excellent catalysts for the production of PP. Thus, owing to combination with an electron donor, they combined high activity, almost 1000 times that of the existing Z-N catalysts, with an extremely high stereospecificity, viz. a boiling heptane extraction residue (isotacticity index) of 98-99% (an index of the stereoregularity of PP, 90% for Z-N catalyst PP) [10] . This made it possible to completely omit the de-ashing step and deatactication step from the iPP production process, making a major contribution to process innovation. Another noteworthy point is that improvements in catalyst preparation led to the production of catalyst particles of uniform size and the realisation of a low cost gas phase polymerisation process, dispensing with the need for a polymerisation solvent. At the same time, PP quality was vastly improved. The species of electron donor in the Mg/Ti catalyst has a marked effect on the polymer quality and by varying the choice of electron donor it was possible to make polymers ranging from PP of relatively low stereoregularity to PP of very high stereoregularity; moreover, the Mw/Mn ratio, an index of molecular weight distribution, could be controlled over a wide range, from a minimum of 3 to a maximum of more than 9 [11] . These special characteristics contributed greatly to improvement in the quality of random PP produced by copolymerising propylene with a small amount of comonomer, and likewise block PP produced by a two-stage polymerisation comprising propylene homopolymerisation and ethylene-propylene copolymerisation.
Problems with heterogeneous catalysts
Because of their advantages in relation to the production process, heterogeneous catalysts maintained their position as first rank industrial development catalysts for roughly half a century after the birth of polymerisation catalysts. During this time, however, problems also emerged. While the advent of Mg/Ti catalysts has contributed to improvement in the quality of HDPE and LLDPE by forming polymer of relatively narrow molecular weight distribution and constitutional distribution, it has still not been able to provide polymers of extremely narrow molecular weight distribution with Mw/Mn close to 2 or polymers of highly uniform constitutional distribution. Again, although the stereoregularity of the polymer formed in propylene polymerisation was vastly improved by combination with an electron donor, a catalyst that forms PP of ultra-high stereoregularity, with a high rigidity and high melting point, i.e. completely isotactic PP, has not yet been realised. All these problems may be attributed to the fact that the active species are not homogeneous (multisite activity). The development of single-site catalysts can be considered the last remaining hurdle in heterogeneous catalyst development and investigations are under way from a number of perspectives including catalyst starting materials and methods of catalyst preparation.
THE DEVELOPMENT OF HOMOGENEOUS CATALYSTS IN RELATION TO PRODUCT INNOVATION
Unlike the titanium based Z-N catalysts, vanadium based Z-N catalysts comprising vanadyl trichloride VOCl 3 or vanadyl tetrachloride VCl 4 and an organic aluminium compound were "homogenous" catalysts soluble in the polymerisation solvent. Their most important characteristic
Discovery and development of soluble Z-N catalysts
The vanadium based Z-N catalysts discovered by Natta and co-workers were characterised by high copolymerisation activity in the copolymerisation of ethylene with a-olefins and a narrow copolymer molecular weight distribution and constitutional distribution. They were therefore developed industrially as catalysts for the production of elastomers such as EPR and EPDM where this characteristic is crucial. However, since they had low activity with a short life span and were inclined to lose activity rapidly at temperatures above 50°C, productivity was very poor; also, a de-ashing step was required. Despite investigations [12] aimed at increasing activity in the same way as for titanium based Z-N catalysts, however, substantial improvements in performance comparable with the Mg/Ti catalysts proved elusive. Inevitably, therefore, the development of soluble vanadium based Z-N catalysts was confined to elastomers with a complicated production flow chart where the attractive characteristic of single-site activity could be exploited.
Discovery of metallocene catalysts
Unlike the inorganic metal compounds such as TiCl 3 and TiCl 4 used in the early type of Z-N catalyst, titanocenes are molecular organometallic complexes and their combination with organic aluminium compounds had been investigated relatively early on by Natta, Breslow et al [13] . However, the catalysts had not merited industrial attention because of their very low activity. This situation changed in 1980 when Kaminsky and Sinn [14] discovered that when zirconocene was combined with methylaluminooxane (MAO), a reaction product of trimethylaluminium with water, the catalyst developed remarkably high ethylene polymerisation activity, more than ten times that of existing Mg/Ti catalysts. Moreover, the polymer obtained had an Mw/Mn ratio of about 2, affording the first proven example of an organometallic complex of simple structure functioning as a single-site polymerisation catalyst of high activity. The discovery that a metallocene compound had remarkably high activity was greeted with astonishment by polymerisation catalyst researchers worldwide, but on top of that, the advent of a new promoter in the shape of MAO was undoubtedly a very considerable breakthrough. As investigations progressed, it became clear that the metallocene catalysts discovered (Figure 1) had four new characteristics: (i) polymerisation performance could be controlled by modification of the ligand structure; (ii) the polymers obtained had an extremely narrow molecular weight distribution and constitutional distribution; (iii) the catalysts were able to polymerise all kinds of monomer hitherto difficult to polymerise with heterogeneous catalysts. Polymerisation catalysis with organometallic complexes, the door to which had originally been thrown open by Ziegler, had suddenly blossomed.
Advances made with metallocene catalysts
The advent of metallocene catalysts heralded the arrival of extremely attractive "single-site, high activity" catalysts that combined the special merits of existing titanium and vanadium based Z-N catalysts at a higher level. The new catalysts achieved two major breakthroughs: improvement in the quality of existing polymers hitherto produced with heterogeneous catalysts, and the creation of novel polymers that would have been difficult to produce with existing catalysts.
(1) Progress in elastomer production technology and improvements in elastomer quality EPR, EPDM and similar elastomers had hitherto been produced with soluble vanadium based Z-N catalysts but productivity was poor and high costs had proven difficult to reduce. Investigators therefore turned their attention to the production of elastomers with metallocene catalysts, which were highly active yet also had outstanding copolymerisation activity, and were also single-site catalysts like the existing vanadium based Z-N catalysts. Ultimately, the de-ashing step was eliminated and operation of the process at higher temperature was achieved. Although the general view is that the EPR and EPDM afforded by metallocene catalysts have much the same basic properties as before [15] , metallocene catalysts have outstanding copolymerisation activity and it is possible to introduce diene compounds other than the conventionally used comonomer species, for example long-chain nonconjugated dienes, offering the prospect of improved EPDM performance. However, the melting point of the iPP obtained with a metallocene catalyst is at most 163°C, falling short of the melting point (166°C) of the PP obtained with the latest Mg/Ti catalyst. This has been attributed to the fact that metallocene iPP suffers much disruption in positional regularity, an effect rarely seen with Mg/Ti catalyst. Hence, while metallocene iPP has the characteristics of narrow molecular weight distribution and narrow constitutional distribution, it has not yet begun to displace the existing Mg/Ti catalyst in the key area of iPP production.
(4) Higher quality random PP Metallocene catalysts, with their narrow constitutional and molecular weight distribution characteristics, have contributed greatly to improving quality in the production of random PP by the copolymerisation of a small amount of comonomer (ethylene or 1-butene) with propylene [18] . Copolymerisation with a small amount of comonomer lowers the melting point of iPP and the copolymer can be used for low temperature heat-sealable film. The problem had been that lowering the melting point resulted in an increased amount of low molecular weight, high monomer content polymer (tack component) detrimental to product quality. The use of metallocene catalyst reduced the amount of tack component because of the constitutional homogeneity imparted, thus permitting a large reduction in melting point.
(5) Creation of novel polymers with metallocene catalysts
Examples of the novel polymers created are easymoulding LLDPE substitute for LDPE, produced using a special metallocene catalyst that forms long-chain branches (LCB) in the polymer backbone [19] , syndiotactic PP (sPP) using metallocene catalyst of C s symmetry [20] , syndiotactic polystyrene (sPS) using half-metallocene catalyst [21], and stereoblock PP in which isotactic chains alternate with atactic chains, prepared using metallocene catalysts of special structure [22] (Figure 2) . While some of these novel polymers have yet to go forward to industrial development, mass production is likely to be investigated as markets open up, and metallocenes should greatly extend the potential for product innovation. 
Development of other organometallic complex catalysts
Some homogeneous organometallic complex catalysts do not have the cyclopentadienyl ligand of metallocenesthese are the so-called non-metallocene catalysts. Although ethylene polymerisation activity had been discovered [23] in modifications of the nickel complexes used in the Shell higher olefin process (SHOP) for oligomer production, developed in the 1970s, the complexes had attracted little attention on account of their low activity.
Interest in the development of non-metallocene catalysts for polymer synthesis is in large measure due to the nickel and palladium based di-imine complex catalysts [24] (Figure 3) described by Brookhart et al in 1995. Despite containing as their central atom the group VIII transition metals hitherto considered unsuitable as polymerisation active species, the complexes had around one tenth of the ethylene polymerisation activity of metallocene catalysts. This gave an immediate boost to research on nonmetallocene catalysts, which are now witnessing a truly remarkable expansion.
Potential for development of non-metallocene catalysts
The development of non-metallocene catalysts is being keenly pursued world-wide, and the potential for materials innovation has grown with the discovery of novel catalysts. The phenoxyimine catalysts (FI catalysts) (25) (Figure 3 ) discovered by Fujita et al of Mitsui Chemical Co. in 1997 caused a sensation by achieving the world's highest ever ethylene polymerisation activity. The FI complex was designed on the basis of a new approach to catalyst design -"ligand-oriented catalyst design" -and the expected development has ensued. One of the key characteristics of the FI complex is that many different functions can be expressed by changing the central metal species or substituent structure and promoter without altering the basic phenoxyimine skeleton. For example, FI catalyst with a zirconium atom as the central metal can selectively produce PE ranging from wax-range molecular weight polymer with a molecular weight of several thousand to ultrahigh molecular weight polymer with a molecular weight in excess of 5 million, a feat difficult to imagine with conventional catalyst. FI catalyst with a titanium central atom and fluorine atom ligands can be used for the living polymerisation of olefins at temperatures above room temperature [26] . Living polymerisation is a useful way of achieving "precision polymerisation", the ultimate goal of polymerisation catalysis research, and the synthesis of monodisperse block polymers exploiting this characteristic is being keenly pursued.
At the same time, the nickel and palladium based diimine complex catalysts made by Brookhart et al afford multibranched type polymer, unobtainable with existing catalysts, by reversible β-hydrogen abstraction; while the palladium complexes afford materials long dreamt of by olefin polymerisation researchers, namely copolymers with polar monomers. The copolymers are promising novel materials that combine the outstanding physicochemical properties of polyolefins with functional properties such as adhesion, coatability, and compatibility with polar polymers.
Non-metallocene catalysts thus appear to harbour tremendous potential in almost every aspect of olefin polymerisation catalysis, from polymerisation catalysts of higher activity to the creation of novel materials, and can be expected to make a major contribution to further polyolefin product innovation.
Current status and problems in homogeneous catalyst development
Single-site homogeneous catalysts gained an instant boost in reputation from the discovery of metallocene catalysts. Apart from the improved quality they brought to generalpurpose resins, metallocene catalysts were responsible for the creation of many novel polymers that had been difficult to produce with conventional heterogeneous catalysts. Polymer producers everywhere sought to develop metallocene polymers commercially, but since soluble homogeneous complex catalysts are less thermally stable than heterogeneous catalysts and elude morphological control, existing slurry or gas phase processes cannot be used as such. Techniques of supporting the catalyst on inorganic supports such as silica have therefore been investigated, though this has inevitably meant sacrificing some of the high polymerisation activity intrinsic to metallocenes. Moreover, homogeneous catalysts are more costly to produce than heterogeneous catalysts and since expensive MAO has to be used in quantity, this has limited application in the general-purpose resin field. In seeking to overcome such problems, recent investigations have looked at boron compounds, which exhibit high activity in stoichiometric use [28] , clay minerals such as montmorillonite, and MgCl 2 , a compound that greatly boosted progress with heterogeneous catalysts [29] . Some of the compounds have been found to have high activity with conventional organo-aluminium compounds alone, i.e. without recourse to MAO, and much hope has been pinned on the catalysts as a means of reducing the cost of Although polymerisation catalyst development is now shifting away from multisite catalysts towards single-site catalysts, the industrial deployment of homogeneous single-site catalysts still presents many problems as we have seen. The key to commercial development of novel polymers using novel catalysts will undoubtedly lie in matching these homogeneous catalysts with the production process without detracting from their intrinsic merits.
CONCLUSION
The discovery of Z-N catalysts was a milestone in the history of twentieth century science and technology, paving the way to a flourishing polyolefin industry. Olefin polymerisation catalysts date from the discovery of the polymerising action of organic zirconium complexes and first evolved around heterogeneous catalysts comprising inorganic compounds in the field of general-purpose resins such as PE and PP, where they offered ease of handling in the production process. With the passage of time, however, interest is reverting back to organometallic complexes.
The development of heterogeneous catalysts was driven by the need for higher activity and stereospecificity and was linked to process innovation accompanying progress in morphology control. Although it dramatically improved the quality of polyolefins, it has still not attained the ultimate goal of obtaining only polymer of the intended quality (single-site polymerisation).
On the other hand, since the discovery of metallocene catalysts, homogeneous catalysts providing "single-site polymerisation at high activity" have made spectacular progress. Exploitation of this characteristic for improving the quality of existing polymers and the potential for creating novel polymers have inspired a steady stream of reports. However, the homogeneity concept, the most important mainspring of catalyst development, has been a substantial obstacle in application to existing production processes, and although the industrial application of metallocene catalysts is being pursued world-wide, current progress is not as rapid as might be expected from the astonishing speed with which the catalysts were developed.
A string of new homogeneous catalysts meriting industrial development will doubtless emerge as catalyst technology advances. However, for these new catalysts to be applied to existing processes, it will be essential to construct a "heterogeneous system with single-site activity" whereby the merits of heterogeneous catalysts (high thermal stability and good morphological control) and merits of homogeneous catalysts (single-site activity with unique polymerisation capabilities) are united to exploit the technology of both. It is hoped that investigations to unite heterogeneous and homogeneous catalysts from their respective standpoints will be accelerated. If so, it should not be long before "drop-in catalyst" technology applicable to existing production processes is established as a novel heterogeneous catalyst system making maximum use of the special features of homogeneous catalysts.
